A salient property of viruses, especially if they belong to the RNA subgroup, is variability. Its basis is genetic instability (20) , but how a particular phenotype is selected is in general not well understood. One mechanism is immune escape, which we studied in mice experimentally infected with lymphocytic choriomeningitis (LCM) virus.
For protective immunity against viruses, CD8 ϩ T lymphocytes are considered to be pivotal. These cells virtually alone terminate acute LCM virus infection in a mouse (25, 48) and mediate protection resulting from injection of recombinant viral proteins (4, 44) . CD8 ϩ T-cell-mediated immunity against LCM virus is also induced with fusion proteins consisting of major histocompatibility complex class I molecule-restricted viral T-cell epitopes and non-LCM virus components (43) .
Subsequently, it was observed that in these mice the infection is not well controlled when the quantity of challenge virus is increased, because of, as will be shown here, virus escape from immunologic control.
(This work is part of the Ph.D. thesis of G. Weidt.)
MATERIALS AND METHODS
Virus and peptides. LCM virus of strain WE (36) was propagated and titrated as PFU in L (929) cells (23) . The nonapeptides for sensitizing target cells were synthesized by continuous flow Fmoc strategy (3), employing NovaSyn TG resin (Novabiochem GmbH, Bad Soden, Germany). They were cleaved from the resin with trifluoroacetic acid in the presence of thioanisol and purified by reversephase high-performance liquid chromatography on a C 18 column with a shallow water-methanol gradient containing 0.1% trifluoroacetic acid. Subsequent analysis by the dabsyl-Cl method (10) and mass spectrometry (MALDI-TOF) (19) gave the expected values.
Mice. Female BALB/cAnNCrlBr, C57BL/6NCrlBR (B6), and [BALB/cAnNCrlBR ϫ C57BL/6JNCrlBR]F 1 (CB6F 1 ) mice that were purchased specified pathogenfree from Charles River Deutschland, Sulzfeld, Germany. They were kept behind barriers and used when 8 to 12 weeks old.
Epitope vaccine and immunization. Vaccines consisting of nonapeptides corresponding to LCM virus T-lymphocyte epitopes and amino acid residues (aa) 2 to 270 of the simian virus large tumor antigen (TAg 2-270 ) were synthesized as described previously (43) . cDNA coding for TAg was cloned into the vector pH6EX3 (5) and expressed in Escherichia coli. Insertion of aa 118 to 126 of the LCM virus nucleoprotein (NP) and aa 34 to 42 of the LCM virus glycoprotein (GP), which are, respectively, L d -and D b -restricted epitopes (17, 38) was achieved by oligonucleotide cloning. These chimeric proteins were injected together with sodium dodecyl sulfate intraperitoneally in 5-g portions into mice, which were subsequently challenged by virus infection.
Sequencing of viral cDNA corresponding to epitopes and their flanking regions. L cells were infected at a multiplicity of infection of 0.01. After incubation for 36 h at 37ЊC they were lysed in guanidium thiocyanate buffer. RNA was extracted with phenol-chloroform, and 0.5 g of RNA was reverse transcribed. Viral cDNA was amplified by PCR with 35 cycles each for 15 s at 94ЊC, for 15 s at 55ЊC, and for 60 s at 72ЊC, by using primer pairs (CTCAGGAGTCTTAAC CAGACTGTG and TACTACACCACTACTTGCACCCTG and GGTCA GATTGTGACAATGTTT and GAGAAACTTTGTCTTTTCCTG) (37) . The products were purified by agarose gel, T/A ligated into a derivative of pUC18 (9) , and cloned in E. coli. The clones were sequenced by Sanger's chain-termination method.
Chromium release assay. The cytotoxic T-lymphocyte (CTL) activity of splenocytes was determined according to the method of Brunner et al. (7) , with modifications (18) . Target cells were simian virus 40-transformed BALB/c fetal fibroblasts, either incubated for 30 min at 37ЊC at known concentrations of nonapeptides or virus infected for 48 h at a multiplicity of infection of 0.01. Effector and target cells were incubated for 4 h at 37ЊC, and specific release was calculated by correcting for release from noninfected control target cells in the presence of effector cells.
RESULTS
Emergence of viral escape mutants in immunized mice. BALB/c mice were immunized with a protein consisting of TAg 2-270 and the immunodominant L d -restricted T-cell epitope (aa 118 to 126) of the LCM virus NP (38) . After 7 days they were injected intravenously (i.v.) with 10 6 PFU of strain WE of LCM virus, which is equal to 10 7 mouse infectious units (24) , and 5 days later the infectious titers in spleens were determined. These titers were lower than those in mice not previously immunized but not as low as had been anticipated. We suspected immune escape, but in 21 of 21 virus clones recovered from the organs of immunized mice, the nucleotides corresponding to the chimeric protein's epitope had not changed.
The virus retrieved from immunized mice was passaged again in immunized mice, this time by inoculation with 10 3 PFU ( Table 1) . On day 5 the virus titers in the spleens were almost as high as those in nonimmune mice infected with the same dose of either first-mouse-passage or L-cell-derived original WE virus and approximately 1,000-fold higher than the titers in immunized mice undergoing infection with virus that had multiplied in nonimmune mice or in L cells. Further experiments of this kind led to similar results, and essentially the same results were observed when the virus was passaged in B6 mice that had been immunized with a chimeric protein containing the D b -restricted T-cell epitope (aa 34 to 42) of the LCM virus GP (17) (data not shown).
The conclusion that the multiplying virus had undergone some change that enabled its escape from immunologic control was substantiated by sequencing cDNA corresponding to aa 67 to 157 of NP and aa 2 to 260 of GP derived from cloned virus of second passages in immune BALB/c and B6 mice, respectively. In each case, the nonapeptides representing the epitopes were altered in one amino acid (Fig. 1 ). In the flanking regions, aa 80 of the NP was consistently leucine rather than proline as reported previously (37) . Further aberrations, probably representing mutations as well as PCR errors, were random and affected approximately 2 of 1,000 nucleotides.
Kinetics of emergence of virus variants. The finding that during infection for 5 days in epitope-immune mice viral epitope variants were not detected, although they were present on day 5 of second passage in similarly immunized mice, suggested that in order for mutants to attain detectable levels, some minimal virus multiplication had to occur; it also suggested that once mutants had appeared, they rapidly outgrew the original strain WE virus. For obtaining some quantitative information on this point, use was made of the fact that a HindIII restriction site in the region of the strain WE virus RNA that coded for aa 118 to 126 of the viral NP (the L d -restricted epitope) was lost in the mutated form.
BALB/c mice were immunized by injection of the epitope vaccine and infected by i.v. injection of 10 6 PFU of strain WE virus; infected control mice had not been vaccinated. At intervals, infectious titers were determined in the spleens of two mice from each group. In parallel, L cells were infected with virus from the spleen of each individual mouse; the cellular RNA was extracted, reverse transcribed, and amplified by PCR as has been done in the experiments for which the results are depicted in Fig. 1 . The cDNA fragments thus obtained were treated with HindIII and subsequently separated by polyacrylamide gel electrophoresis. The results are depicted in Fig. 2 .
As has been mentioned, multiplication of infectious virus was only slightly affected by epitope-specific immunity, although on day 5 the titers were approximately 100-fold lower than those in control mice. Thereafter, the infectivity rose and subsequently declined again. With regard to the viral PCR products, electrophoresis revealed that on day 5 of infection most were fragmented by HindIII, but on day 7 the wild-type form had become undetectable. Although these results do not allow exact quantitative evaluation, it can be estimated that 5 days after injection of 10 6 PFU in the epitope-immune mice greater than 95% of the epitope-encoding nucleotides were wild type (strain WE), whereas 2 days later greater than 95% were mutated. (43) . In mice of either strain, immunized and infected as described for Table 1 and Fig. 1 , variants with altered sequences emerged and multiplied to high titers despite epitope-specific immunity, but, in marked contrast, none could be detected in CB6F 1 mice (Fig. 3) .
CTL activity directed against wild-type and mutated epitopes. The virus consisting predominantly of escape variants was eventually eliminated from the mouse (Fig. 2) , indicating that antiviral effector cells were generated; this finding led to the question of which epitopes were recognized by these cells. The answer was obtained by performing cytotoxicity tests. BALB/c mice were injected with either the WE strain or variant virus, and 8 days later splenocytes were tested on syngeneic cells incubated with various concentrations of nonapeptides representing the wild-type epitope or its mutant. Throughout the dose range, the former sensitized the target cells much more efficiently than did the latter (Fig. 4a) . However, in three trials there was not a trace of specific lysis when day-8 immune splenocytes from variant virus-infected mice were incubated with 51 Cr-labeled cells that had been coated with the wild-type or mutant epitope peptide, even when the concentration was increased to 10 Ϫ4 M and preincubation was extended to 24 h. Obviously, the altered virus induced no CD8 ϩ T-cell immunity directed against either the wild-type epitope or its mutant; from this observation we deduce that clearance of the variant was mediated by effectors recognizing other viral epitopes. These epitopes have not yet been determined, but BALB/c mice are known to control the LCM virus by CD8 ϩ T lymphocytes specific for minor epitopes whenever the complex containing the immunodominant NP nonapeptide and L d is poorly expressed or absent (18, 41) . The conclusion that infection with the escape virus was terminated by CD8 ϩ T lymphocytes directed against minor LCM virus epitopes was strengthened by the results of parallel experiments in which both types of effector cells were tested on targets infected with each virus (Fig.  4b) . The degree of lysis by WE-induced CTL was high in WE-infected cells but low in variant-infected cells. 
DISCUSSION
A priori, immunity is a strong force for suppressing virus variants, thereby allowing others to emerge, and in human infections antibody-or T-cell-driven selection has been reported to occur in individuals (2, 6, 8, 13, 32, 46) as well as in populations (14) . In other similar cases, however, evidence for escape was not obtained (11, 28, 47) . Obviously, pressure by immunity due to either vaccination or previous infection may be modified by other selecting influences, which makes its study under natural conditions a difficult task. A case in point is the appearance in patients of variants of human T-cell leukemia virus in which the transactivating function of the tax protein was impaired because of amino acid substitutions in tax CTL epitopes (30) , and the practical consequences are well illustrated in a report on the spread of poliovirus in Finland during the years 1984 and 1985 (22) . Immune escape of virus variants in vivo is not yet well understood, and we propose that the LCM virus-infected mouse is a suitable model for gaining an insight.
Inasmuch as the genomic information of LCM virus is encoded in RNA, it is not surprising that the emergence of variants both in vitro and in vivo has frequently been documented (21, 27, 34, 39) . Also, LCM virus has been shown to evade in vivo control by antiviral CD8 ϩ T lymphocytes, although the experimental set-up was rather complex (33) . In B6 mice transgenic for an antigen receptor with specificity for the class I molecule D b plus aa 32 to 42 of the LCM virus GP, variants mutated in the region coding for the epitope appeared; aa 34, 35, and 36 were affected rather than aa 38 as was found by us. CD8 ϩ T-cell-driven selection of LCM virus variants has also been observed in vitro by cultivating infected cells together with cloned CTL. In every case those epitopes that represented the specific targets had changed (1, 29, 31) . Similar findings have been reported for tumor cells in vitro expressing the simian virus 40 large tumor antigen (26) .
Proline and methionine in positions 2 and 9, respectively, ϩ T-cell epitopes (12) . These were unaltered in 41 of 41 escape clones of the LCM virus NP epitope that we have sequenced, and the wild-type epitope as well as its mutated form has glycine in position 6, rather than tryptophan, which has also been recognized as relevant for binding to H-2L d (40) . Furthermore, the LCM virus GP epitope used here does not correspond to the motif of a D b -restricted nonapeptide (16) . Moskophidis and Zinkernagel (29) , who studied a similar epitope (aa 32 to 42 of GP), reported that a CTL-induced change from valine to leucine at position 35 did not affect binding to major histocompatibility complex class I molecules but impaired recognition by D b -restricted CTL. Since the peptide was 11 aa long (rather than 9 aa as used here) and the substitution was at position 35 of GP (rather than at position 38), no comparative conclusion is possible, and with current knowledge we remain ignorant as to the level at which the variants observed by us have escaped: failure of the altered nonapeptide to associate with its class I molecule or inability of effector CD8
ϩ T cells to recognize the complex. Alternatively, is processing affected? It is certain, though, that in the BALB/c mouse the mutated peptide, even when associated with infectious virus, does not trigger the generation of antivirally active T lymphocytes.
One further detail of our observations deserves being stressed. String-of-beads vaccines encoding T-cell epitopes (45) or containing them in the form of peptides (43) are being studied experimentally. Their use is regarded as problematic for exactly the reason we have observed, namely the emergence of immunologic escape variants (15) . We did not detect escape variants in F 1 mice immunized against two different LCM virus epitopes restricted by parental class I molecules. This finding might have been expected, because of the low probability for the occurrence of double mutations leading to immune resistance, which has also been shown to be the case in vitro (35, 42) . If they appear later, their multiplication is probably curtailed by the host's immune response directed against other epitopes. The diploid human major histocompatibility complex encodes six class I molecules. Provided that the number of epitopes in a vaccine is as large as is needed to protect the majority of or even all vaccinated individuals against a virus, each one is likely to develop immunity that is based on responses to more than one epitope. Thus, should it be possible to overcome the difficulty of identifying all the T-cell epitopes of a virus that associate in an immunogenic form with a minimal number of the known class I molecules and to combine these in a vaccine, the danger of the emergence of escape variants may not be as serious as has been feared.
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